We present a theoretical study on the molecule-substrate interaction within the porphyrin-functionalized graphene. Recent experiments on porphyrin-functionalized carbon nanotubes have revealed an extremely efficient energy transfer from the adsorbed molecules to the carbon substrate. To investigate the energy transfer mechanism, we have characterized the hybrid structure within the density functional theory including the calculation of the molecular transition dipole moment, which allows us to determine the Förster coupling rate. We find a strongly pronounced Förster-induced energy transfer in the range of fs −1 confirming the experimental observations. Side view on the graphene layer non-covalently functionalized with a porphyrin molecule.
1 Introduction Functionalization of carbon nanostructures, such as graphene and carbon nanotubes, is a rapidly developing research field . The goal is the design of tailored hybrid nanostructures characterized by remarkable properties of the carbon substrate [26] [27] [28] [29] [30] [31] [32] combined with the strong light absorption of adsorbed molecules [33] . This results in a promising application potential for high-efficiency photodetectors, biomedical sensors, and photovoltaic devices [24, [34] [35] [36] . To preserve to a large extent the intrinsic properties of the carbon substrate, non-covalent functionalization based on -stacking is applied [5] .
First experimental studies on carbon-based hybrid nanostructures have demonstrated an extremely efficient energy transfer [11, 12, 24, 33] . In particular, hybrid structures consisting of carbon nanotubes non-covalently functionalized with porphyrin molecules show a total quenching of the porphyrin fluorescence, while the photoluminescence of the nanotubes is strongly enhanced, when the excitation is tuned into resonance with molecular transitions [37] [38] [39] . In transient absorption spectroscopy experiments, an ultrafast population build-up was observed in carbon nanotubes after optical excitation of the porphyrin molecules suggesting that the energy transfer occurs on a timescale shorter than 100 fs [40] . The underlying energy transfer mechanism is expected to be the Förster coupling [41] inducing a direct non-radiative transfer of energy from the optically excited molecule to the substrate. The competing Dexter energy transfer mechanism [42] is expected to be small due to its sensitive dependence on the overlap of the involved strongly localized orbital functions of the carbon substrate and the adsorbed molecules [43] .
In this paper, we present a theoretical study on the Förster energy transfer mechanisms in the graphene functionalized with base-free tetraphenyl porphyrin (TPP). First, we perform a characterization of the investigated hybrid nanostructure based on calculations within the density functional theory. The study is performed within the FHI-aims code package, which is an all-electron full-potential electronic structure code including numerical atom-centered orbitals allowing the investigation of structures with hundreds of atoms [44] . In the next step, we exploit the gained insights for the evaluation of the Förster energy transfer rate within the Fermi's golden rule [46] . Figure 1a illustrates the top view on the investigated porphyrin-functionalized graphene. The hybrid structure is fully relaxed using the Broyden-Fletcher-Goldfarb-Shanno method minimizing all force components to values smaller than 10 −3 eVÅ −1 . For graphene, we choose a supercell covering 11 × 11 unit cells corresponding to 242 carbon atoms with a lattice constant of 1.42Å. The investigated situation corresponds to a moderate functionalization degree with a negligible molecule-molecule interaction. The calculations are performed within the PBE exchange-correlation functional [47] including the recently implemented van der Waals correction [45] to account for the long-rang van der Waals interaction. Calculations of the geometrically relaxed structure reveal an optimal substrate-molecule distance of R 0 = 0.35 nm corresponding to the van der Waals diameter of carbon atoms, cf. Sebastian [46] , the Förster transfer rate reads Assuming the nearest-neighbor tight-binding approximation for the graphene wave functions [48] , the transition charge density of graphene can be explicitly calculated allowing an analytic expression for the Förster energy transfer rate [46] 
Characterization of the hybrid structure
with the molecule-substrate distance R, the momentum transfer q, and the slope in the electronic band structure of graphene ν Figure 2 illustrates the Förster rate as a function of the substrate-molecule distance R for the porphyrinfunctionalized graphene. Provided the knowledge of the molecular transition dipole moment d , d ⊥ , the Förster rate can be easily extracted also for other graphene-based hybrid nanostructures. In the limit of large substrate-molecule distances R, the Förster coupling exhibits a R −4 dependence in contrast to the well-known R −6 scaling for the Förster coupling in molecule-molecule complexes [41] . This can be traced back to the spatially extended two-dimensional graphene substrate [46] and is in good agreement with Figure 2 Distance dependence of the energy transfer between the graphene layer and the attached porphyrin molecule via Förster coupling. At the calculated optimal molecule-substrate distance R 0 = 0.35 nm, we obtain a Förster rate of γ F = 3.2 fs −1 suggesting a very strong energy transfer. For large distances, the Förster coupling exhibits a R −4 dependence -as expected for spatially extended two-dimensional substrates [24, 46] . recent experimental observations [24] . For typical distances of R = 1-5 nm involving the presences of linker molecules that are sometimes necessary to realize the functionalization [33] , we find Förster rates in the range of γ F = 50-0.1 ps −1 . For small distances R <1 nm, γ F exhibits an exponential decay with increasing R. For the calculated minimal distance of R 0 = 0.35 nm between the porphyrin molecule and the graphene substrate, we obtain a very efficient rate of γ F (R 0 ) = 3.2 fs −1 . The large transition dipole moment of the adsorbed porphyrin molecule in combination with the very short substrate-molecule distance results in a strong Förster coupling between the molecule and the electrons within the graphene layer. Our results are in agreement with the experimentally observed strong energy transfer in porphyrinfunctionalized carbon nanotubes, in particular with respect to the time-resolved transient absorption studies revealing that the energy transfer occurs on a femtosecond timescale [40] . 
Conclusions

